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Introduction {#sec1}
============

The chemical industry consumes more than 20% of all resources to generate energy and end-user products. While the consumption of energy itself is not necessarily a problem, energy consumption is currently strongly correlated with the emission of greenhouse gases. Thus, the chemical industry is responsible for \>20% of the global CO~2~ output and holds great potential to reduce the total carbon footprint on our planet. The Chemistry 4.0 & Industry 4.0 initiative wants to improve the energy efficiency of the chemical industry through use of disruptive technologies, such as artificial intelligence and digitization, and process intensification.^[@ref1],[@ref2]^ One of the potential strategies that is currently under investigation is to switch to alternative energy sources in the chemical industry, such as the utilization of electrical energy to effect useful synthetic transformations. This so-called "electrification of the chemical industry" not only can aid to reduce the fossil fuel consumption, but also can result in a reduction of the energy consumption and in an increase of reaction efficiency and selectivity.^[@ref3]^

Indeed, in the near future, we will witness a massive energy transition from fossil fuels to sustainable energy sources, such as solar and wind energy. It is evident that this drastic change is also needed in the chemical industry to reduce CO~2~ emissions and minimize the effects of global warming. Solar and wind energy can be transformed into electricity, and this energy form can be directly used to induce chemical transformations. Since often no other reagents are needed, electrochemistry can be regarded as an efficient and green activation mode of organic molecules which avoids additional reagent waste.^[@ref4]^ Furthermore, it circumvents the use of expensive and scarce catalysts and ligands to enable chemical transformations which are otherwise elusive.

In times of increasing environmental awareness, sustainable electricity is becoming increasingly available by harvesting sun and wind energy. However, the unsteady generation of electricity by these regenerative resources leads to abundant electric power, which poses significant challenges to the power grid. This transient and sustainable energy supply could be used for electrochemical conversions of organic molecules: for example, by building small-scale chemical installations integrated with windmills or solar panels.^[@ref5]^ In addition, local production will also reduce current inefficiencies with regard to transportation, distribution, and storage of hazardous chemicals.

Currently, we witness a complete revival of electrochemistry in the organic synthetic chemistry community.^[@ref6]^ However, even though the advantages of electrochemistry appear to be numerous, the renewed interest in electrochemistry has brought some old and tedious technological problems to the surface. Due to the use of solid phase electrodes, electrochemistry can be considered a heterogeneous process and can be quite challenging to those not familiar with mass transfer effects. This means that both mixing effects and interelectrode distances become important parameters to be considered in the development process. Furthermore, the need for specialized equipment and the knowledge gap of most researchers in this---often perceived---esoteric discipline are additional barriers to adopt electrochemistry as viable alternative synthetic routes.

From its start in 2012, our group has taken a particular interest in solving technological problems in synthetic organic chemistry. By taking on such challenges, we hope that we can provide simple solutions which allows the chemist to expand the chemical territory available for synthesis. As described above and by others,^[@ref7]^ despite its rich tradition with---among others---initial experiments by Michael Faraday,^[@ref8]^ the field of electrochemistry necessitates a technological impetus and thus is definitely worthy of our attention. While both batch and flow electrochemical reactors are on the market, we have experienced in the past that a "Do-it-Yourself" (DIY) approach was really rewarding as it provides a deeper understanding of the technology. Moreover, the DIY approach allows us (i) to reduce the cost price of the required equipment and the concomitant maintenance and reparations, (ii) to tailor the designs to our specific needs, and (iii) to exploit the reactor at its full potential (in contrast to the---often black box---commercial devices). Recently, we developed an electrochemical flow reactor with a flexible reactor volume ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref9]^ The reactor can be operated in serial mode (with a volume ranging from 88 μL/channel up to 704 μL when all eight channels are in use) or in parallel mode. The parallel mode allows to scale the chemistry via a so-called numbering-up strategy or to scan different reaction conditions simultaneously. The latter aspect was used to rapidly find optimal reaction conditions for the electrocatalytic reduction of furfural to furfuryl alcohol in flow.^[@ref10]^

![Electrochemical flow reactor developed in our group. (Courtesy of Bart van Overbeeke, TU Eindhoven.)](ar9b00412_0001){#fig1}

The primary objective of this Account is to provide the reader with some important guidelines for the use of continuous-flow reactors for electrochemistry. We anticipate that this concise overview will help researchers to gain insight in the basic principles behind this technology and, in addition, it will allow the reader to get the maximum out of their experiments. Further, we aimed to highlight and clarify each fundamental principle with a suitable organic synthetic example. It is, however, not our aim to give an exhaustive overview of the field of continuous-flow electrochemistry, for which we direct the reader to some recent, excellent reviews.^[@ref11]−[@ref13]^

Bringing the Chemicals to the Electrodes---The Importance of Mass Transfer {#sec2}
==========================================================================

Electrochemical reactions are driven by single electron transfer processes which are initiated at the surface of an electrode. Hence, electrochemical transformations can be regarded as heterogeneous reactions, and thus, substrates or electron mediators need to be transported from the bulk of the solution to the electrode surface. Such mass transport phenomena are, together with electron transfer kinetics, key in the design of an appropriate electrochemical reactor ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). Typically, an electrochemical reaction starts with the mass transfer of the substrate from the bulk phase to the heterogeneous electrode surface. Next, the substrate adsorbs onto the electrode and an electron transfer can occur, converting the substrate into product. Finally, the product is desorbed from the electrode and diffuses back to the bulk liquid phase.

![(A) Individual steps in an electrochemical transformation. (B) Simplified rate controlling parameters in electrochemistry with *j* the current density and *E* the potential measured versus a reference electrode.](ar9b00412_0002){#fig2}

Evidently, the overall reaction rate will depend mainly on the slowest of these steps, i.e. the rate-determining step. Two extreme scenarios can be distinguished: (i) a charge transfer controlled regime and (ii) a mass transfer controlled regime ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). With increasing electrode polarization, the reactant concentration at the electrodes becomes zero. In other words, all reactants are immediately converted upon arrival at the electrode surface and, in such a scenario, the rate of mass transport limits the overall reaction rate. Under these conditions, intensified mass transport, e.g., by more vigorous stirring in batch or through use of static mixers in flow, can reduce the overall reaction time.

In microreactors, the flow regime is almost exclusively laminar. This means that convective mass transport is absent. Thus, the mass transport relies on two fundamental phenomena, including diffusion and migration. Diffusion is the movement of molecules due to a concentration gradient which occurs due to consumption of substrate molecules at the electrode. Migration is the movement of charged species in a potential field. However, if the substrate concentration is low in comparison to, e.g., an excess of supporting electrolyte, the contribution of migration to the mass transfer can be neglected. Thus, mass transport is largely dominated by diffusion in electrochemical microreactors. Based on statistics, the distance (*d*) that a molecule can travel in time (*t*) is given by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. Using this equation, one can calculate that a molecule in the liquid (with a diffusivity *D* = 10^--5^ cm^2^·s^--1^) can diffuse 50 μm in 1 s, while it diffuses only 1.3 cm in 1 day. Thus, it can be easily understood that the smaller the reactor channels are, the faster the electrochemical reactions can be due to short diffusion paths to the electrodes.^[@ref14]^ In contrast, in batch reactors with larger interelectrode gaps, relying on diffusion will not be sufficient and thus intense stirring is required to assist the mass transfer from the bulk to the electrode surface.

In a laminar flow regime, fluid is flowing in parallel lamellae and mixing between individual segments is governed exclusively by diffusion ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). This phenomenon can be exploited to selectively contact one of the reagents with either the anode or the cathode and thus enable selective electrochemical transformations. This principle was demonstrated by Atobe et al. in the selective anodic substitution reaction of *N*-(methoxycarbonyl)pyrrolidine (*E*~ox~ = +1.91 V vs Ag/AgCl) with allyltrimethylsilane (*E*~ox~ = +1.75 V vs Ag/AgCl) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B).^[@ref15]^ As can be judged from the oxidation potentials, oxidation of the nucleophile is preferred over the formation of the substrate carbocation. However, by using two inlets, the stream containing the substrate can be selectively directed over the anode while the nucleophile is passed over the cathode. This allows for selective formation of the carbocation which can subsequently diffuse to the cathode side and react with the nucleophile. Indeed, when the two solutions were premixed, the target compound was only obtained in low yield (6%). However, by separating the two solutions and by directing only the substrate over the anode, a high yield for the desired product was obtained (91%), albeit at a low conversion of 54%. The use of an ionic liquid as electrolytic solution proved beneficial and allowed to stabilize the formed carbocation long enough to enable its diffusion to the cathodic side.

![(A) Laminar flow regime encountered in microchannels. (B) Selective anodic substitution reaction due selective wetting of the anode and cathode.](ar9b00412_0003){#fig3}

The relative distance between two electrodes is also of importance with regard to the so-called ohmic drop. This refers to the voltage drop observed due to the additional resistance, which is encountered by the electric current when traveling through the liquid phase between the two electrodes. According to [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, the ohmic drop (*R*~drop~) is influenced by the conductivity of the solution (κ), the interelectrode gap distance (*d*), and the magnitude of the current (*I*):

with Δ*U* being the potential or ohmic drop between the electrodes, *I* being the current, and *A*~e~ being the electrode surface. In batch, ohmic drops are typically controlled by adding supporting electrolytes, which increase the conductivity of the solution (κ). Large amounts of supporting electrolytes make the overall electrochemical process more complicated, as the supporting electrolyte needs to be separated from the product and preferentially be recycled to minimize the costs. One way to minimize the amount of supporting electrolyte is to keep the distance between the electrodes small. In other words, the shorter the distance between the two electrodes, the lower the ohmic drop will be.^[@ref16]^ Consequently, it is easy to understand that if the interelectrode gap (*d*) is reduced by a factor 100, one can similarly lower the conductivity of the solution (κ) by a factor 100. Interestingly, in microreactors, Nernst diffusion layers are between 10 and 500 μm and can thus overlap which allows for the coupling of the anodic and the cathodic electrode processes.^[@ref17]^

Pioneering work on micro electrochemical flow cells with small interelectrode gap was carried out by Beck and Guthke already in 1969.^[@ref18]^ More recently, our group showed that for the electrochemical oxidative coupling of amines and thiols to yield sulfonamides, the amount of supporting electrolyte could be reduced from 100 mol % in batch (interelectrode gap = 1 cm) to 10 mol % in flow (interelectrode gap = 250 μm) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A).^[@ref19]^ Furthermore, the reaction time could be reduced from 24 h in batch to only 5 min in flow. This acceleration effect in flow can be attributed to the shorter diffusion distances, the large electrode-surface-to-volume ratio and the intensified mass transport due to the formation of hydrogen gas,^[@ref20]^ which induces turbulence. In a notable, early example of an electrochemical microreactor, Yoshida et al. showed that in a microreactor with a PTFE membrane (75 μm thick, 3 μm pores) as a spacer, the supporting electrolyte could be even completely avoided for the anodic methoxylation ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B).^[@ref21]^

![Microreactor technology enables the reduction of the total amount of supporting electrolyte by narrowing the interelectrode gap. (A) Electrochemical sulfonamide synthesis through anodic oxidation and coupling of thiols and amines. (B) Anodic methoxylation in a microreactor.](ar9b00412_0004){#fig4}

Take the Heat out of the Reactor---Fast Heat Exchange in Microreactors {#sec3}
======================================================================

Due to the electrical current running through the solution, the latter will heat up due to a phenomenon called Joule heating. The ohmic drop plays a crucial role in the heat generation term due the electrochemical process.^[@ref22]^ According to Joule's first law, the power of heating (*P*) is directly proportional to the ohmic drop (*R*~drop~) and the current:

As mentioned before, the ohmic drop can be minimized in microreactors due to the small interelectrode gap. Furthermore, due to the continuous nature of these reactors and the absence of dead zones, the heat is removed and thus not built up in the electrochemical cell. As a consequence of the high surface-to-volume ratio, microreactors are well suited to enable fast heat exchange and in some cases can be even considered as isothermal reactors.^[@ref23]^ It should be noted though that an increase in temperature can have a positive impact on the electrochemical reaction due to increases in electrolyte conductivity, mass transfer rate and kinetic rate. However, when a good reaction selectivity is required, careful control over the reaction temperature is crucial. Low temperature processes are important to generate reactive species, as exemplified by the cation flow method developed by Yoshida and co-workers.^[@ref24]^ Hereby, unstable carbocations are generated at −72 °C in a divided electrochemical flow reactor and subsequently fed to another flow reactor where they are quenched by a nucleophile (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).^[@ref25]^ Hence, the incompatibility of using nucleophiles in anodic oxidation processes can be elegantly circumvented. Another notable feature of flow chemistry, i.e., the possible implementation of analytical technology, allowed one to follow the formation of the acyliminium cation in real time using inline infrared spectroscopy.

![Microreactor technology enables low temperature electrochemistry to prepare carbocations in high yield.](ar9b00412_0005){#fig5}

Combine it All---Multistep Reaction Sequences in Flow {#sec4}
=====================================================

Synthetic routes toward complex molecules typically comprise many individual synthetic and purification steps. Hence, a total synthesis of such molecules is a time- and labor-intensive undertaking, even for experts. Using continuous-flow technology, many of these steps can be combined in one single, streamlined flow configuration.^[@ref26],[@ref27]^ This is especially important for the synthesis of short-living species, which can then be subsequently consumed in a follow-up reaction without extensive degradation. It represents also an important strategy to generate and convert hazardous and toxic intermediates. Consequently, the total inventory can be kept small, which enables one to minimize the risks associated with handling such compounds.^[@ref28]−[@ref30]^

Wirth and co-workers have developed an electrochemical flow method to prepare bench-unstable hypervalent iodine reagents in flow.^[@ref31]−[@ref33]^ Hypervalent iodine reagents are known to be very useful synthetic reagents in organic chemistry, and the researchers combined the electrochemical flow synthesis with a variety of follow-up transformations, including oxidation chemistry, heterocycle synthesis, and α-acetoxylation and tosyloxylation, in a coupled flow protocol ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A). This strategy allowed the reaction to immediately consume the bench-unstable hypervalent iodine reagents without further decomposition.

![Multistep flow sequences involving an electrochemical step: (A) Synthesis of hypervalent iodine reagents via anodic oxidation in flow and subsequent synthetic applications. \[i\] CH~3~CN as solvent; \[ii\] AcOH/CH~3~CN (1:4) as solvent, 30 mol % BF~3~·OEt~2~; \[iii\] CH~3~CN as solvent, 1.2 equiv of TsOH. (B) Synthesis of *ortho*-quinone via anodic oxidation in flow and subsequent Diels--Alder with 6,6-dimethylfulvene in batch. (C) Electrochemical synthesis of sulfonyl fluorides in flow and follow up sulfur(VI) fluoride exchange "click" reaction in flow with phenol to yield the corresponding phenyl sulfonate derivative.](ar9b00412_0006){#fig6}

Another interesting example involves the generation of *ortho*-quinones via anodic oxidation, which can be subsequently consumed in a Diels--Alder reaction in batch ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B).^[@ref34]^*ortho*-Quinones are not shelf-stable due to decomposition, isomerization, or polymerization and are often difficult to prepare due to competing oxidation processes with the dienophile. Indeed, Atobe et al. found that the oxidation potentials of 4-*tert*-butylpyrocatechol and 6,6-dimethylfulvene were relatively close and thus competing oxidations can be expected under such scenarios. The researchers prepared the *ortho*-quinone by introducing 4-*tert*-butylpyrocatechol into an electrochemical microreactor. Next, the reaction stream containing *ortho*-quinone was added dropwise to a batch vessel containing a solution of 6,6-dimethylfulvene to enable the Diels--Alder reaction. The corresponding Diels--Alder product could be obtained in 75% yield, while in batch only 13% could be isolated. Interestingly, the optimal interelectrode gap was 80 μm. Shorter distances resulted in lower yields presumably because of reduction of the anodically formed *ortho*-quinone at the cathode which is able to diffuse too fast due to the short distances.

Recently, we developed a protocol to prepare sulfonyl fluorides via an anodic oxidation process starting from commodity chemicals like thiols or disulfides and potassium fluoride ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C).^[@ref35]^ Sulfonyl fluorides are important synthetic motifs due to their applicability as stable sulfonyl precursors using sulfur(VI) fluoride exchange "click chemistry" (SuFEx). After the electrochemical step, phenyl sulfonyl fluoride was combined with a stream containing phenol, which enables the SuFEx chemistry in flow and yields the corresponding phenyl sulfonate derivative.^[@ref36]^ This strategy enables to produce volatile sulfonyl fluorides and immediately utilize these moieties without intermediate isolation.

Combine the Immiscible---Multiphase Electrochemistry in Flow {#sec5}
============================================================

Multiphase reactions are quite common in synthetic chemistry and include both gas--liquid and liquid--liquid transformations. In electrochemistry, gas--liquid reactions are often observed, e.g., when hydrogen evolution occurs as a byproduct at the counter electrode. However, such reactions are, from an engineering standpoint, very complex. The gas evolution can lead to a substantial rise in ohmic resistance due to the insulating layer of gas. However, the presence of gases can also substantially increase the mass transport.

Another important aspect of multiphase electrochemistry is when the reactant is in a second dispersed phase. The reactant needs to either diffuse to the electrode or to the continuous phase prior to reaction. For efficient synthesis, the transport of the reactant to the second phase has to be as fast as possible. In microreactors, several flow regimes can be distinguished depending on the individual flow rates of the two phases, where annular flow and segmented flow (also called slug flow or Taylor flow) constitute the two extremes.^[@ref37]^ In annular flow, one of the two phases flows at a higher velocity in the center of the capillary, while the other phase is contacted as a thin film to the electrodes. While this is rather rare in flow electrochemistry, one can anticipate that the intimate contact between the wetting phase and the electrode phase might be beneficial. In contrast, segmented flow is much more common in flow chemistry and is characterized by alternating bubbles and liquid segments. In such segments and bubbles, toroidal vortices are established which ensure a high mixing efficiency inside the segment or bubble ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B). Moreover, these fluid patterns also increase significantly the mass transfer to the electrode surfaces. Our group took advantage of this flow principle to accelerate the electrochemical sulfonyl fluoride synthesis in flow ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A).^[@ref35]^ The reaction conditions are biphasic and the thiol or disulfide are in the organic phase, while KF is in the aqueous phase. In batch, we observed pseudo-zero-order kinetics which indicate that mass transfer limitations occurred from the bulk to the electrode surface ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}D). However, when the reaction was carried out in an electrochemical microreactor with an interelectrode gap of 250 μm, the reaction time was reduced from 9 h in batch to only 5 min in flow ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}C).

![Multiphase electrochemistry. (A) Electrochemical sulfonyl fluoride formation using a biphasic reaction mixture. (B) Multiphase segmented flow observed in microchannels. The toroidal vortices enhance mass transport form the bulk to the electrodes. (c) Kinetic experiment for the batch electrochemical sulfonyl fluoride synthesis. (d) Kinetic experiment for the flow electrochemical sulfonyl fluoride synthesis.](ar9b00412_0007){#fig7}

If Precision Is What You Aim for---Improved Reaction Selectivity and Increased Reproducibility in Flow {#sec6}
======================================================================================================

Continuous-flow microreactor technology provides a high degree of control over transport phenomena, including mass and heat transfer (vide supra). Furthermore, the impact of human error can be reduced through implementation of process analytical technology^[@ref38]^ and automation protocols,^[@ref39]^ which allows one to remotely carry out the entire process. Due to the continuous nature of the processes performed in microreactors, flow chemistry practitioners can control reaction times very precisely. For electrochemical transformations, this means that the reaction only occurs when in contact with the electrodes and once the reaction mixture exits the reactor the reactivity is effectively quenched.

As we have shown above, reaction times can substantially be shortened using microreactor technology, due to the shorter diffusion distances to the electrodes and the large electrode surface-to-volume ratios. Consequently, products require to be only a minimum amount of time in the proximity of the electrodes, which reduces effectively the chances of byproduct formation. For the electrochemical synthesis of sulfonamides, we observed that this feature led consistently to improved yields and less byproduct formation compared to analogous batch experiments ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A).^[@ref19]^

![Selective electrochemistry in flow through (A) reduction of reaction times in the electrochemical synthesis of sulfonamides and (B) control over the cell potential and the residence time for the selective anodic oxidation of thioethers.](ar9b00412_0008){#fig8}

Notably, high reaction selectivity can also be established by tuning the potential difference between the electrodes. As an example, our group has shown that the oxidation of thioethers can be selectively steered to either sulfoxides or sulfones in a commercially available electrochemical flow reactor ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B).^[@ref40]^ An attractive feature of this methodology is that the same reagents are used in all scenarios and that the selectivity is solely governed by the applied potential and the residence time spent in the reactor.

Pump up the Volume---Reliable Scale-Up in Flow {#sec7}
==============================================

Increasing the productivity from laboratory scale to pilot and production scale is a formidable challenge for any given chemical transformation. However, as electrochemical reactions are surface reactions, classical scale up using a dimension-enlarging strategy is not feasible as the cell voltage and energy costs would dramatically go up when the interelectrode gap increases. Hence, industrial electrochemical reactors are almost exclusively flow cells.^[@ref41]^ These flow cells consist of modular units that can be stacked in parallel (numbering-up approach) ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}).^[@ref42]^ A narrow interelectrode gap (0.5--10 mm) is kept in combination with a variable electrode area (0.01--16 m^2^/module), which provides a high specific area and a low cell voltage. The advantage of such a modular reactor concept is that initial results obtained on a smaller scale can be gradually scaled up to pilot and plant scale, requiring only a minimal amount of reoptimization. Electrical current can be fed to different electrodes in a monopolar or a bipolar fashion. In monopolar assemblies, all electrodes are individually connected to the power supply ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A), while in a bipolar connection only the ends of the stacked electrodes are coupled ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}B). Bipolar connections are cheaper due to fewer electrical connections and improved potential and current distributions. Recently, Baran, Minteer, Neurock, and co-workers have developed a scalable electroreduction of arenes, which represents a safe alternative for the classical Birch reduction ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}C).^[@ref43]^ Reaction conditions developed in batch on a 0.1 mmol scale could be readily scaled in flow using a numbering-up strategy by stacking several electrodes in parallel ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}C).

![Scaling of electrochemical transformations in flow using a numbering-up strategy. (A) Monopolar electrical connections. (B) Bipolar electrical connections. (C) Scaling of the electrochemical Birch reduction.](ar9b00412_0009){#fig9}

For inorganic electrosynthesis, the conductivity of the reaction solution is usually very high due to presence of highly ionizable species, e.g., NaCl in the Chlor-Alkali industry. In contrast, the conductivity is relatively low for organic electrosynthesis, which makes that process energy costs can become prohibitive.^[@ref44]^ Thus, electrochemistry is particularly economically feasible for high value molecules, such as pharmaceuticals and agrochemicals. Another important cost consideration is the number of electron transfers that are required to effect a desired synthetic modification. The higher the electron-to-substrate ratio, the less competitive electrochemistry becomes compared to catalytic routes. The main factors that determine the cell energy consumption are the cell resistance and the operating current density. The cell potential (*E*~c~) can be calculated as follows

and depends on the thermodynamically required potential (*E*~e~), the overpotential (η), and the cell internal resistances (*R*~e~). The overpotential is the potential difference observed between the thermodynamically determined potential of the half-reaction and the potential at which the redox event experimentally occurs. The total overpotential comprises different individual contributions, including an electron transfer overpotential, a concentration overpotential and a resistance overpotential. Simply said the presence of overpotentials results in the consumption of more energy by the electrolytic cell than what is thermodynamically expected to drive the reaction forward. Reductions in energy costs can be obtained by (i) using larger amounts of electrolyte, (ii) minimizing the interelectrode gap, and (iii) replacing the counter-electrode reaction by a thermodynamically more favorable reaction which is "spontaneous". Also the nature of the electrodes is important as these are involved in the electron transfer processes, can adsorb organic compounds, and can even act as a reagent (i.e., sacrificial electrode).^[@ref45]^ In general, materials which have a large overpotential for oxygen are used as the anode (e.g., Pt, carbon based electrodes). A large overpotential for hydrogen as the cathode (e.g., carbon-based electrodes) is often preferred, except when hydrogen evolution is a desired reaction at the cathode. In the latter scenario, Pt, Cu, and stainless steel can be used owing to their low hydrogen overpotential. It should be noted that boron doped diamond is currently one of the most versatile electrode materials providing a wide potential window and low background current, and is physically and chemically stable.^[@ref46]^

The most successful example of organic electrochemistry is the synthesis of adiponitrile from acrylonitrile, which produced in 2010 about 0.347 million metric tons per year of adiponitrile via a paired electrochemical route (Monsanto adiponitrile process) ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}).^[@ref47],[@ref48]^ A single, pressurized electrochemical reactor consists of 100--200 undivided cells consisting of a cadmium cathode, which provides the highest adiponitrile selectivity and electrode stability,^[@ref49]^ and a carbon steel anode.^[@ref50]^ A two-phase mixture of acrylonitrile, adiponitrile, quaternary ammonium salts, and phosphate buffer is introduced in the reactor. The current efficiency is close to 95%, and the cell energy consumption for the adiponitrile synthesis is about 2500 kWh t^--1^, which is comparable to the chlor-alkali process.

![Monsanto electrochemical process to prepare adiponitrile via a paired electrode process.](ar9b00412_0010){#fig10}

Conclusion and Outlook {#sec8}
======================

This Account covers the fundamental principles and the advantages behind the use of continuous-flow microreactors for carrying out synthetic organic electrochemistry. This includes a discussion on the importance of mass and heat transfer, on carrying out multistep reaction sequences and enabling multiphase reaction conditions in a controlled fashion, on how to improve reaction selectivity, and about scale up. It was our aim to compile a document which hopefully will serve as a useful starting point for researchers looking to translate their electrochemistry to flow. Fundamental understanding about these key principles will allow practitioners to get the maximum out of the technology.

While significant progress has been made throughout the past decade, moving forward is not without a challenge. Through use of continuous-flow microreactors, new and uncharted chemical space can be discovered. Hence, the community should focus more on examples that provide decisive advantages over their batch counterparts. In our opinion, multiphase electrochemistry remains largely underrepresented to date.^[@ref51]^ Arguably, clogging of the channels continues to be the Achilles heel of microreactor technology, and effective solutions need to be found to accommodate both solid reagents and products in flow.^[@ref52]^ Furthermore, implementation of more advanced automation protocols and process analytical technology will be of great added value to minimize human error, to enhance the reproducibility of electrochemical transformations, and to accelerate reaction optimization and discovery.^[@ref53]^ Solving these issues undoubtedly requires collaborative efforts between chemical engineers and chemists from both academia and industry.^[@ref54]^ We are confident that progress on these aspects will increase the utility of flow reactor technology and will push the boundaries of synthetic organic electrochemistry.
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MeOH

:   methanol

TfOH

:   trifluoromethanesulfonic acid

THF

:   tetrahydrofuran.
